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Nanoshells  form  the  basic  substrate  for  many  of  the  surface  enhanced  spectroscopic  studies 
undertaken  under  this  MURI.  We  have  developed  a  general  facile  technique  to  metallize 
dielectric  nanoparticles.  We  hope  this  would  widen  the  appeal  of  core-shell  nanoparticles  and 
simplify  the  production  of  larger  quantities  of  core-shell  nanoparticles.  The  SERS,  and  SERS  - 
SEIRA  techniques  developed  previously  have  been  applied  to  elucidate  reaction  pathways  in  a 
metal  catalyzed  reaction,  sensing  small  molecules  that  may  not  be  bound  to  the  nanoshell 
surface,  and  to  determine  the  orientation  of  ds-DNA  conjugated  to  nanoshells.  Correlated  single 
molecule  SERS  and  electrical  conductance  measurements  have  been  used  to  obtain  the  field 
strength  in  electromigrated  junctions. 

We  have  studied  a  variety  of  different  structures  as  potential  sensing  substrates.  Nanotori, 
nanorods  dimers  and  nanoparticle-nanowire  coupled  systems  were  studied.  Symmetry  breaking 
and  the  evolution  of  the  optical  and  field  enhancement  properties  of  nanoshells,  nanoeggs, 
nanocups  and  a  coupled  ring-disk  system  were  investigated.  In  the  ring-disk  coupled  system 
when  symmetry  is  broken,  the  plasmonic  equivalent  of  electromagnetically  induced  transparency 
(EIT)  -  plasmonically  induced  transparency  and  its  characteristic  Fano  resonance  can  be 
observed.  This  intriguing  phenomenon  may  give  rise  to  new  highly  sensitive  LSPR  sensing 
modalities. 


1.  We  have  developed  an  improved  method  for  the  growth  of  continuous  Au  shell  layers  on 
dielectric  oxide  nanoparticles.  The  reduction  of  Au3+  by  CO(gas)  results  in  the  formation  of 
thin,  uniform  shell  layers  on  these  nanoparticles  at  lower  Au3+concentrations,  where 
continuous  shell  layers  are  not  achievable  with  current  liquid  phase  reduction  methods.  This 
approach  relies  only  on  the  introduction  of  CO(g)  into  the  solution  of  prepared  precursor 
nanoparticles  and  Au3+,  and  is  not  susceptible  to  variations  in  shell  layer  morphology 
influenced  by  preparation  of  reductant  or  precursor  solutions,  a  limitation  of  current  shell 
layer  growth  methods.  The  use  of  CO  as  a  reductant  also  has  the  potential  to  transform  the 
manufacturing  of  nanoshells  from  a  batch  to  a  continuous  flow  process.  (Brinson,  et  al. 
“Nanoshells  made  easy:  improving  Au  layer  growth  on  nanoparticle  surfaces”,  Langmuir  24, 
14166-14171  (2008)). 

2.  We  report  the  direct  observation,  using  surface-enhanced  Raman  and  IR  spectroscopies 
(SERS,  SEIRA),  of  the  insertion  of  ibuprofen  molecules  into  hybrid  lipid  bilayers.  The 
spectroscopic  results  combined  from  SERS  and  SEIRA  studies  provide  chemical  insight  into 
the  nature  of  ibuprofen-lipid  interactions  and  have  clinical  importance  in  understanding  the 
effects  of  NSAIDs  on  the  integrity  and  penneability  of  the  gastric  mucosal  membrane.  The 
plasmonic  nanostructures  utilized  in  these  studies  are  applicable  for  spectroscopic 
investigation  of  other  biologically  relevant  phenomena  in  membrane  mimics.  This  technique 
also  provides  a  general  method  to  investigate  the  SERS/SEIRA  spectra  of  small  molecules 
that  may  not  be  conveniently  attached  to  a  nanoshell  substrate.  (Levin,  et  al.  Surface 
Enhanced  Raman  and  Infrared  Spectroscopy  (SERS  and  SEIRA)  of  Ibuprofen  Intercalated 
Hybrid  Bilayer  Nanoshells”,  Journal  of  Physical  Chemistry  B  1 12,  14168-14175  (2008)). 


3.  We  have  grown  Pd  islands  on  nanoshells  to  directly  study  the  reaction  pathways  and 
intennediates  formed  during  the  catalytic  hydrodechlorination  of  1,1-dichloroethene  in  H2O 
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using  surface-enhanced  Raman  spectroscopy  (SERS).  More  broadly,  the  results  highlight  the 
exciting  prospects  of  studying  catalytic  processes  in  water  in  situ,  (Heck,  et  al.  “Observing 
Metal-catalyzed  Chemical  Reactions  in  situ  using  Surface  enhanced  Raman  Spectroscopy  on 
Pd-Au  Nanoshells,  JACS  130,  16592-16600(2008)). 


4.  Using  previously  developed  techniques  to  improve  the  reproducibility  of  the  SERS  spectra  of 
DNA,  we  have  studied  the  orientation  of  ds-DNA  attached  to  nanoshells.  The  relative  change 
in  orientation  with  packing  density  of  the  ds-DNA  is  also  investigated.  (Barhoumi, 
“Correlation  of  Molecular  Orientation  and  Packing  density  in  a  dsDNA  self-assembled 
monolayer  observable  with  Surface  Enhanced  Raman  Spectroscopy”,  JACS  130,  14040-1 
(2008)). 

5.  We  have  investigated  the  fluorescence  enhancement  of  ICG  molecules  as  a  function  of 
distance  from  the  surface  of  Au  nanoshells  (Au-NS).  The  distance  between  ICG  molecules 
and  the  Au-NS  surface  is  controlled  by  varying  the  thickness  of  silica  shell  spacer  layers 
grown  on  the  nanoshell  surface.  We  observe  a  fluorescence  enhancement  of  50x  when  ICG 
molecules  are  spaced  7  nm  from  the  Au  nanoshell  surface,  which  decreases  with  increasing 
distance  of  the  molecule  from  the  nanoshell  surface.(Bardhan  et  al.  “Nanoscale  control  of 
Near-Infrared  Fluorescence  Enhancement  using  Au  Nanoshells”,  Small  4,  1716-1722 
(2008)). 

6.  We  report  the  formation  of  nanoshell- Jaggregate  nanoparticle  complexes  that  show  coherent 
coupling  between  the  localized  plasmons  of  the  metallic  nanoparticle  and  the  excitons  of  the 
molecular  J-aggregate.  The  strength  of  this  interaction  is  dependent  on  the  specific  plasmon 
mode  of  the  nanoparticle  coupled  to  the  J-aggregate  exciton.  From  a  model  based  on  Gans 
theory,  we  obtain  an  expression  for  the  plasmon-exciton  hybridized  states  of  the  complex. 
(Fofang,  et  al.  “Plexcitonic  Nanoparticles”:  Plasmon-exciton  hybridization  in  a  nanoshell-J- 
aggregate  complex”,  Nano  Letters  8,  3481-3487  (2008)). 

7.  Continuation  of  some  recent  research  on  simultaneous  SERS  and  electrical  conductance 
measurements  from  an  electromigrated  gaps,  we  demonstrates  that  simultaneous  single¬ 
molecule  SERS  spectroscopy  and  conductance  measurements  of  the  currents  due  to  optical 
rectification  can  provide  a  means  of  estimating  the  local  electric  field  at  the  junction  due  to 
illumination. (Ward,  et  al.  “Electronic  and  Optical  Properties  of  Electromigrated  Molecular 
Junctions”,  J.  Phys.:  Condensed  Matter  20,  374118  (2008)). 

8.  We  have  used  the  finite  element  method  (FEM)  to  examine  the  transition  from  gold-silica 
nanoshells  to  nanoeggs  and  nanocups.  Both  the  near-  and  far-field  effects  of  core  offset  and 
total  particle  size  are  considered,  with  an  emphasis  on  spectral  evolution  and  focused  field 
enhancements.  We  conclude  that,  for  a  given  pair  of  inner  and  outer  shell  radii,  phase 
retardation  and  core  offsets  can  be  used  together  to  design  nanoparticles  with  a  desired 
scattering  and  absorption  ratio  at  the  dipolar  resonance.  (Knight  et  al.  “Nanoshells  to 
nanoeggs  to  Nanocups:  symmetry  breaking  beyond  the  quasistatic  limit  in  complex 
plasmonic  nanoparticles”,  New  Journal  of  Physics  10,  105006  (2008)). 

9.  We  have  examined  the  effect  of  symmetry  breaking  in  the  concentric  ring/disk  cavity  system. 
We  consider  both  (a)  displacement  of  the  disk  with  respect  to  the  center  of  the  ring  and  (b)  a 
ring  of  nonuniform  thickness.  In  a  concentric  arrangement,  the  two  major  optically  active 


plasmon  resonances  are  a  subradiant  bonding  and  a  superradiant  antibonding  resonance 
formed  by  the  interaction  of  the  dipolar  modes  of  the  disk  and  the  ring.  For  a  nonconcentric 
alignment,  the  quadrupolar  ring  resonance  interacts  with  the  dipolar  disk  resonance  and  an 
asymmetric  Fano  resonance  appears  in  the  extinction  spectrum  that  maybe  exploited  for 
LSPR  sensing.  (Ha o,et  al.  “Symmetry  breaking  in  plasmonic  nanocavities:  subradiant  LSPR 
sensing  and  a  tunable  Fano  resonance”,  Nano  Letters  8,  3983-3988  (2008)). 

10.  We  have  extended  the  plasmon  hybridization  method  to  nanorod  dimers  in  symmetric  and 
asymmetric  situations.  The  nanorod  dimer  plasmons  are  formed  from  hybridization  of  the 
individual  nanorod  plasmon  modes.  The  plasmonic  interactions  between  the  two  nanorods 
depend  strongly  on  the  relative  orientations  of  the  particles.  The  largest  electric  field 
enhancements  are  induced  for  a  nanorod  dimer  in  a  symmetric  axial  configuration.  The 
magnitude  of  the  field  enhancements  depend  on  the  aspect  ratio  of  the  nanorods.  Our 
approach  can  easily  be  applied  to  heterodimer  situations  in  which  two  nanorods  of  arbitrary 
spatial  orientation  and  size  couple  to  an  incident  electromagnetic  field.  (Willingham,  et  al. 
“Plasmon  hybridization  in  nanorod  dimers”,  Appl.  Phys.  B  93,  209-216,  (2008)). 

1 1.  We  have  investigated  the  plasmonic  and  optical  properties  of  metallic  tori  using  the  plasmon 
hybridization  (PH)  method.  We  show  that  the  plasmon  resonances  in  a  nanotorus  results  from 
hybridization  of  primitive  plasmon  modes  that  can  be  described  as  toroidal  harmonics.  The 
energies  of  the  hybridized  plasmon  modes  depend  on  the  aspect  ratio  of  the  torus,  which  we 
define  as  the  ratio  of  the  radius  of  the  tube  r  to  the  radius  of  the  ring  R,  X=  r/R.  The 
plasmonic  structure  and  optical  absorption  spectrum  are  found  to  be  strongly  dependent  on 
the  polarization.  (Dutta,  et  al.  “Plasmonic  properties  of  a  metallic  torus”  J.  Chem.  Phys.  129, 
084706:1-9,(2008)) 

12.  We  have  studied  the  polarization  dependence  of  SERS  in  the  coupled  gold  nanoparticle- 
nanowire  system  for  nanoparticles  of  a  variety  of  shapes.  We  find  that  the  SERS  spectra  are 
strongly  enhanced  when  the  incident  light  is  polarized  across  the  junction  between  the 
particle  and  the  wire  and  remarkably  insensitive  to  the  detailed  geometrical  structure  of  the 
nanoparticle.  The  measured  Raman  enhancements  are  in  good  agreement  with  theoretical 
simulations  done  using  Finite  Element  Method  (COMSOL).  (Wei  et  al.  “Polarization 
dependence  of  surface-enhanced  Raman  scattering  in  the  gold  nanoparticle-nanowire 
system”,  Nano  Lett.  8,  2497-2502(2008)). 
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